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Random Vibration (Stress Screening) 
of Printed Wiring Assemblies 

Gilbert J .  Bastien 

T h i s  paper summarizes t h e  r e s u l t s  of  a Random V i b r a t i o n  
Stress Screening  (RVSS) s tudy  on t h e  de t e rmina t ion  of upper 
and  lower  v i b r a t i o n  l i m i t s  on P r i n t e d  Wiring A s s e m b l i e s  
(PWA).  I t  i s  in tended  t o  s e r v e  a s  a g u i d e l i n e  f o r  eng inee r s  
and  d e s i g n e r s  who make d e c i s i o n s  on PWA f e a t u r e s  t o  
w i t h s t a n d  t h e  stresses of  dynamic t e s t i n g  and s c r e e n i n g .  
The maximum a l lowab le  PWA d e f l e c t i o n ,  "G" l e v e l s ,  and PSD 

l e v e l s  are compared t o  t h e  expec ted  o r  a c t u a l  l e v e l s  t o  
de te rmine  i f  d e l e t e r i o u s  e f f e c t s  w i l l  occur .  

INTRODUCTION 

A n a l y t i c a l  methods are developed t o  determine t h e  maximum random v i b r a t i o n  l e v e l s  
which w i l l  cause  f a t i g u e  f a i l u r e  i n  t h e  PWA components o r  i n  t h e  bare board i t s e l f .  
T h e  r e v e r s i n g  stresses on t h e  component l e a d s  i s  g iven  special  emphasis i n  t h e  

a n a l y s i s .  I n  t h e  case of RVSS, t h e  des igne r  must attempt t o  de te rmine  t h e  maximum 
v i b r a t i o n  l e v e l s  which can be e x e r t e d  on t h e  PWA i n  o r d e r  t o  su face  t h e  maximum 
number of q u a l i t y  and workmanship d e f e c t s  without  caus ing  d e l e t e r i o u s  e f f e c t s  t o  t h e  
components o r  t h e  board.  Often RVSS l e v e l s  a r e  chosen a s  a d e f a u l t  from a DOD 

g u i d e l i n e  and t h e  subsequent s c reen  is  e i t h e r  benign o r  o v e r s t r e s s f u l .  
u s e f u l  t o  have des ign  o r  test guidance on t h e  upper v i b r a t i o n  l i m i t s  f o r  t h e  PWA. 

The lower l i m i t  f o r  RVSS i s  needed t o  determine i f  t h e r e  w i l l  be  s u f f i c i e n t  f o r c e  i n  

Thus it i s  
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the RVSS to surface a sufficient number of available workmanship or quality defects 
in the PWA. 

r k  INSPECTION 

Random vibration is basically a gaussian distribution of reversing force vectors and 
as such, it is necessary to make some simplifying assumptions in the development of 
the algorythms presented here. The simplifications are reasonable first estimates; 
however, they should be considered estimates and subject to test verification. 
classical cases were analyzed since there is an extremely large number of possible 
configurations and variations of PWA's and component mix. The components which were 
analyzed are dual-in-line micro electronic devices (IC's), capacitors, resistors, 
and leadless chip carriers (LCC's). 

Only 
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The plans shown in Figures l(a) - l(c) indicate the basic process steps and 
the relative reliability (E) of the process. The indicated reliability is only used 
to illustrate the relative degree of improvement and not a measured value. Plan 
l(a) shows only a one pass RVSS and a test with a repair process. A repaired PWA is 
not re-screened. Process l(b) allows for re-screening to filter out any defective 
component or workmanship flaws. Process l(c) basically is the same as lb except 
that a small PWA test is added during RVSS to detect any intermittents which may 
occur with vibration. 
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FIGURE l(a). BASIC RVSS PLAN, STANDARD QUALITY LEVEL 
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FIGURE l(c). BASIC RVSS PLAN, VERY HIGH QUALITY LEVEL. 
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RELATIVE VALUE OF PWA STRESS SCREENING WITH PRE- AND POST-TESTS 

DEFECTS FOUNO AT OPERATION. 
RELATIVE FREQUENCY 

OPERATION 

I 1 PRE SS TESTS 

Stress screening in general may be categorized in its effectiveness by the 
illustration in Figure 2. Although the actual numbers may vary from vendor to 
vendor, there is sufficient data in the field to roughly quantify the relative 
effectiveness of screening and testing operations. However, the values vary from 
contractor to contractor. Figure 2 shows that a good pre-screen visual and 
functional test may surface even more defects than any of the screens. Without the 
random vibration stress screen, approximately 16% of the defects on a PWA may pass 
the factory undetected. These ratios vary with each contractor. 
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FIGURE 2. RELATIVE EFFECTIVENESS OF PWA STRESS SCREEN AND TEST OPERATIONS 
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RVSS W I N D O W  AND EXPECTED FALLOUT 

The ope ra t ing  stress sc reen  range or window i s  shown i n  F igure  3 .  The 
o b j e c t i v e  of a RVSS development program i s  t o  determine t h e  upper and lower 
t h r e s h o l d  and produce t h e  optimum l e v e l  wi th in  t h e  window. 
determined by t r i a l  and e r r o r  o r  by a combination of a n a l y s i s  and t e s t i n g .  
l a t e r  approach i s  p r e f e r r e d  s i n c e  it g ives  i n s i g h t  t o  t h e  p h y s i c a l  c o n s t r a i n t s  of 
t h e  PWB, components, and m a t e r i a l s  involved.  The RVSS l e v e l s  may be  ob ta ined  by 
t r i a l  and e r r o r  i . e . ,  de te rmina t ion  of t h e  l e v e l  which produces minimal f a l l o u t  and 
t h e  l e v e l  which causes  d e l e t e r i o u s  e f f e c t s .  T h e  ques t ion  w i l l  i n e v i t a b l y  a r i s e ,  
however, "How much h ighe r  can w e  go without over  s t r e s s i n g ? "  

T h e  upper l e v e l  may be 
The 
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Figure  3 RVSS WINDOW 

PWA RVSS INPUT PROFILES AND DYNAMIC CHARACTERISTICS 

The i n p u t  p r o f i l e  of a RVSS i s  extremely important  t o  t h e  response of t h e  PWA. 

The response R ( f )  i s  propor t ioned  t o  t h e  t r a n s f e r  func t ion  H ( f )  of t h e  s t r u c t u r e  
m u l t i p l i e d  by t h e  inpu t  f u n c t i o n  I ( f )  , a s  seen  i n  Equation 1. 

T h e  t r a n s f e r  f u n c t i o n  H ( f )  i nc ludes  a l l  s t r u c t u r e s  between t h e  f o r c i n g  
func t ion  ( t h e  shaker  t a b l e )  and t h e  u n i t  under test  ( U U T ) .  This  may inc lude  a 
v i b r a t i o n  f i x t u r e  and PWA ho lde r  box. Thus, t h e  response on t h e  PWA may inc lude  i t s  
own dynamic p r o p e r t i e s  p l u s  a l l  t h e  o t h e r  suppor t ing  s t r u c t u r e  p r o p e r t i e s .  The 
n a t u r e  of t h e  random v i b r a t i o n  i s  t h a t  it w i l l  produce a l l  f requencies  i n  t h e  

spectrum range s imultaneously,  which w i l l  s t i m u l a t e  a l l  p a r t s  i n t o  resonance which 

have resonances i n  t h e  inpu t  spectrum range. T h e  i npu t  l e v e l  (ampli tude)  w i l l  on ly  
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f u r t h e r  amplify t h e  motion. A h igh  inpu t  l e v e l  a t  low frequency resonances may 
cause excess ive  bending damage t o  c e r t a i n  p a r t s ,  such a s  t h e  PWB o r  p a r t i c u l a r  

H i c r o e l e c t r o n i c  dev ices .  

N \ I N 
a 
Q 
ffl 

Figure  4 ( a )  shows t h e  NAVMAT p r o f i l e ,  which r o l l s  o f f  a t  t h e  low and h igh  end 
of a 2 0 0 0  Hz spectrum. The r o l l  o f f  a t  t h e  low end h e l p s  t o  d iminish  t h e  bending 
stresses on t h e  PWA. The r o l l  o f f  a t  t h e  h igh  end reduces t h e  h igh  response of 
smal l  h igh  n a t u r a l  f requency components. The c e n t e r  a r e a  between 8 0  and 350 Hz i s  
t h e  main area of e x c i t a t i o n .  Most PWA's  have n a t u r a l  f r equenc ie s  i n  t h i s  range.  
C e r t a i n  PWA d e f e c t s ,  however, may be su r faced  with more s t i m u l a t i o n  a t  t h e  low 
f r equenc ie s .  A p r o f i l e  such as t h a t  shown i n  F i g u r e  4 ( b )  may be used i f  i t  does not  
cause damage t o  t h e  PWA. I f  t h e  o v e r a l l  l e v e l  of . 0 4  is  t o o  h igh  and some des ign  
damage r e s u l t s ,  t hen  t h e  o v e r a l l  l e v e l  may be dropped. There i s  some evidence  t h a t  
t h i s  p r o f i l e  may be a more e f f e c t i v e  sc reen  a t  a lower G r m s  l e v e l  t han  t h e  NAVMAT 
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Figure  5 shows a graph of a t i m e  h i s t o r y  response of a PWA. T h e  t i m e  h i s t o r y  
curve has  l i m i t e d  a p p l i c a t i o n .  However, it does show t h a t  t h e r e  i s  a good s i g n a l  
v o l t a g e  and t h e r e  a r e  no v i s i b l e  s i g n a l  anomalies .  F igure  6 ( a )  i s  a w i d e  band 
random v i b r a t i o n  p rocess  t y p i c a l  of an inpu t  p r o f i l e  t o  t h e  shaker  t a b l e .  F i g u r e  

6(b)  i s  a narrow band random v i b r a t i o n  process  t y p i c a l  of a PWA response t o  an input  
from F igure  6 (a ) .The  frequency spectrum i n  F i g u r e  6 ( b )  might be  a response t o  a t i m e  
h i s t o r y  of F igure  5. ! 

P 
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MEAN SQUARE SPECTRAL DENSITY S (0) SAME 
ORDER OF MAGNITUDE ACROSS A 0  AS f, 

(a1 WIDE BAND RANDOM PROCESS 

++-A w 

THE NARROW BAND PROCESS I S  TYPICALLY ENCOUNTERED AS A RESPONSE TO A 
STRONGLY RESONANT VIBRATORY SYSTEM WHEN THE EXCITATION I S  WIDE BAND. 

(b) NARROW BAND RANDOM PROCESS 

_ _  

FIGURE 6. RANDOM VIBRATION CURVES 

RESPONSE PROFILES TO RANDOM VIBRATION 

The RVSS response curve for a given input can be shown as: 
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From Cranda l l l  

where Q = Magnif ica t ion  of Motion a t  resonance.  

S ince  Q J 6, a t  t h e  PWA resonance frequency 
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RVSS RESPONSE 

EQUIVALENT SINE ACCELERATION TO PRODUCE SAME FATIGUE AS RANDOM VIBRATION 

From H a r r i s  and Crede2 and from Q = 6, 

For peak a c c e l e r a t i o n , :  

Equat ions (3)  and ( 4 )  show t h e  G ~ s  and GPEM e q u i v a l e n t s  f o r  s ine  

a c c e l e r a t i o n  equiva lence  t o  random v i b r a t i o n .  
somewhat ques t ionab le  test r e s u l t s .  
r e s u l t s  as t h e  RVSS. However, it may be p r e f e r r e d  by some companies. Poss ib ly  t h e  

The s i n e  equ iva len t  G l e v e l  produces 
A s i n e  equ iva len t  did no t  produce t h e  same 

% . H .  Crandal l ,  "Random Vib ra t ion  i n  MechanicaA Systems", A c a d e m i c  Press, N.Y. ,  1963 

2C.M. H a r r i s  and C .E .  Crede, "Shock and Vibra t ion  Handbook", M c G r a w  H i l l ,  N . Y . ,  1 9 7 6  
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determination of the proper sweep rate plus an appropriate G level would produce the 
same results. 

MAGNIFICATION FACTORS AT RESONANCE, Q 

The displacement magnification factor Q is the magnification at resonance; for 
example, at 

f/fn = 1. 

By definition, the Q depends on the damping ratio, 

C = C/Ccrit 

Figure 7 shows a magnification factor curve for a single degree of freedom system. 
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FIGURE 7. MAGNIFICATION FACTOR VERSUS FREQUENCY RATIO 

For PWAs, the '' 6 '' varies with the natural frequency and other factors. 
may be estimated as shown in equation (5) 

However, Q 
if test data is not available. 

Where K is an approximate empirical correction factor for a wide variety of PWAs. 
graph of frequency vs.K is shown in Figure 8. 

A 
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FIGURE 8 .  CORRECTION MULTIPLICATION FACTOR FOR Q 
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From the standard formula (Equation 6) for determination of the natural 
frequency for any simple single degree of freedom system, 

or : 

6, = (yy (for 1 G) 
For an applied vibration input: 

SINGLE DEGREE OF FREEDOM 

and X = XO Q for magnification at resonance. Therefore, for a general PWA 
Equation(7) may be used as an estimate for determination of displacement. 

K 6 = 6,Q = (yy K s= 9.8 fn -1.5 
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For example, estimation of PWA displacement at resonance, given fn = 120 Hz, 

from Figure 8, K = 0.9; 

6 = 9.8 (120)-1-5 0 . 9  = .0067"  

OTHER METHODS OF DETERMINING Q (GIVEN TEST DATA) 

Calculating Q by the "3 dB Down" Method ..This is a quick estimate method but is not 
quite as accurate as the next two methods. 

TRANSFER 
FUNCTION 
A/F 

I t  0w I - I I- 
f l  I f 2  f .  HZ 

f c  

NOTE: 
THE BAND WIDTH MAY 
BE ESTIMATED I N  DESIGN 
AS BW - 2 <  f c  

For our example, fn = 160 and BW = 18 Hz, then Q = 8.9 

Calculating Q by the Band Width High and Low Frequency Measurement. This is perhaps 
the most accurate method but requires a Fast Fourier Transform (FFT) analyzer: 

I I I t  
I 1 1  

f l  f c  f 2  f. t- 
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1 (fZ/fl) + 1 

26 (f2/fl) - 1  
Q = - =  

e.g., fn = 160, f2 = 168, fl = 150, so  Q = 8.9. 

Calculating Q by the Input/Output Wave-Ratio. 
method of computing Q; from the figure below, 

This is probably the most popular 

I PSO - 0. :2  I 

I I 

fn f. HZ 

Input PSD = .0015 g2/Hz at fn 
Response PSD = .012 g2/Hz at fn 
Q = d0 .12 / .0015  = 8.9 

Calculating Q Directly by FFT, Response/Input Ratio. 
Q ma;y be determined directly by testing the PWA for response to input ratio across 

The magnification ratio factor 
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the entire spectrum by use of a direct transmissibility (TR) analysis by an FFT 
analyzer. Some FFT analyzers, however, do not have this capability. The figure 
below is a direct TR analysis which for very low values of is almost equal to Q, 
the magnification factor. 

f Tl  freq., Hz 

In the above figure, the TR = 8.9;  Q = 8 . 9  

GENERAL MODE SHAPES FOR PWAS 

Two PWAs are analyzed using ANSYS finite elements to determine the mode shapes. 
Actual modal analysis results confirm the mode shapes mainly at the lower 
frequencies. 
due to the non-linearity of the boundary condition (or edge restraints) and non- 
linearity of the PWB/component. The mode shapes shown in Figures 8 and 9 are 
provided for reference and to show that the first mode is usually curved, as assumed 
in this report. Of course, the amount of distortion is greatly exaggerated for 
viewing purposes. 
at higher frequencies. Thus the distortion is much smaller at f = 635 Hz than at 
f = 164 Hz. 

The PWAs sometimes do not behave as analyzed at higher frequencies, 

The actual amount of deflection and distortion diminishes greatly 
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FIGURE 8. MODE SHAPE FOR 5" X 5" 
PWA 

RVSS RESPONSE OVERVIEW 

FIGURE 9. MODE SHAPES FOR 7 X 9 PWA 

r ?, 

I d e a l l y ,  t h e  response of a PWA f o r  a random v i b r a t i o n  i n p u t  i s  dependent on 
i t s  own s t r u c t u r a l  t r a n s f e r  func t ion .  I n  t h e  r e a l  world, t h e  response t a k e s  i n t o  
account t h e  t r a n s f e r  func t ion  of a l l  t h e  suppor t ing  s t r u c t u r e s  and t h e  shaker  
i t s e l f ,  a s  w a s  d i s c u s s e d  p rev ious ly .  Thus, t h e  r e s u l t a n t  response curve i s  a 
conglomeration of PWA dynamic c h a r a c t e r i s t i c s  p l u s  a l l  t h e  suppor t  system. 
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TOTAL GRHS 28.61 RECORD 2 CHANNEL 2 300 D.O.F. 

FIGURE lo. RESPONSE OF A TYPICAL PWA 

Figure 11 shows a typical PWA signature analysis and response measurement 
setup. Note that a PWA must have a very light weight accelerometer for measurement 
at its center, and the input accelerometer may be any weight since it is attached to 
a rigid fixture. 
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RANDOM VIBRATION RESPONSE ANALYSIS 

R e f e r  t o  t h e  random v i b r a t i o n  response shown i n  F igure  1 0 .  I n  random 
v i b r a t i o n ,  t h e  Power S p e c t r a l  Dens i ty  (PSD) i n  G2/Hz i s  ob ta ined  on a spectrum 
ana lyze r  by conve r t ing  real-time d a t a  ( G I s  vs . t ime)  i n t o  t h e  frequency domain d a t a  
by a f a s t  f o u r i e r  t r ans fo rm (FFT) .  The data may be analyzed more u s e f u l l y  i n  t h e  

frequency domain. E s s e n t i a l l y ,  t h e  spectrum data i s  d i v i d e d  i n t o  cons t an t  va lue  
f i l t e r ed  bandwidths ( B W ) .  The  bandwidth, f o r  a s p e c i f i c  FFT a n a l y z e r  (sometimes 
c a l l e d  t h e  b i n  w i d t h ) ,  i s  ob ta ined  by d i v i d i n g  t h e  frequency spectrum range by t h e  
number of l i n e s  of r e s o l u t i o n :  

SPECTRUM RANGE 
NO. OF VERTICAL LINES OF RESOLUTION 

BW = 

e.g. ,  BW = 2 o o o  - 2o = 9.9 Hz 
200  

.’ 
0 0 

0 I 

(0 

c. 

L 

” 
I 

iD I 

a, w 

rz 

(10) 

The bandwidth i s  i n c r e a s e d  by about 50% i f  t h e  Hanning f u n c t i o n  i s  t u r n e d  on (which  

i s  normal ) .  Thus, BW = 9 . 9  x 1 . 5  = 14.85 Hz 
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FIGURE 1 2 .  DETERMINATION OF G VS.  F 

The bandwidth v a r i e s  f o r  each type  of ana lyze r  and spectrum range s e l e c t e d .  
The G a c c e l e r a t i o n  va lue  is computed f o r  each BW, squared, and d i v i d e d  by t h e  
cons t an t  BW, t h u s  PSD ( G 2 / H z )  See F igure  1 2 .  Although t h e  a c t u a l  curve i s  
c o n s t a n t l y  changing wi th  t i m e ,  a p r o f i l e  i s  ob ta ined  by averaging  6 4  t o  128  t i m e s .  
The G l e v e l s  of t h e  PSD curve may t h u s  be c a l c u l a t e d  i n  r e v e r s e  by t a k i n g  a va lue  of 
PSD cor responding  t o  BW and performing t h e  fo l lowing  c a l c u l a t i o n :  

Each "G" i s  p l o t t e d  f o r  each c e n t e r  f requency ( f c ) .  The o v e r a l l  e f f e c t i v e  
GRMS i s  ob ta ined  by i n t e g r a t i n g  t h e  e n t i r e  curve.  This  i s  au tomat i ca l ly  fu rn i shed  

by most a n a l y z e r s .  The o v e r a l l  G r m s  i s  e s s e n t i a l l y  t h e  square  r o o t  of t h e  sum of 
powers a t  each frequency.  I f  t h e  G computation i s  not  a v a i l a b l e  on t h e  ana lyze r ,  it 
may be  computed manually.  I t  can be seen t h a t  t h e  peaks r e p r e s e n t  a s i g n i f i c a n t  
p a r t  i n  t h e  o v e r a l l  G r m s  l e v e l .  The log-log s c a l e  can o f t e n  be dece iv ing  f o r  
judging t h e  bandwidths a t  each peak . .  The r e s u l t s  a r e  shown i n  F igure  13. 

I 
Fc 

FAEOUENCY. HZ 

FIGURE 13.  PSD CURVE CONVERTED TO GWS AND XRMS VS FREQUENCY 
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The waveform is now somewhat more subdued due to the square root effect, but 
the peaks remain evident. Note that the majority of the deflection energy (Xms) 
occurs between the lowest frequency and the first mode. The balance of the energy 
is mostly all velocity energy. If we make an assumption here that the PWA acts like 
a single degree of freedom (SDOF) system which tests show is nearly the case, the 
dynamic behavior is much like one spring and one mass at its first natural 
frequency . 

2 
from: a = xu2 or G = - where x = inches 386' 

9.8 G 386 G = - Since 6.) = 2 x: f, then x = 
(2 K f)2 f2 

For PWA's, x = 6. 

DETERMINATION OF PWA RELATIVE DEFLECTION FROM TEST DATA 

The determination of the response of the PWA relative to its edge (the input) 
is the goal of the response analysis. The absolute PSD, G, and displacement of the 
PWA was obtained. The displacement is shown in Figure 14. Subtracting the maximum 
displacement of the PWA at the critical frequency from the input displacement at the 
same frequency provides a fair evaluation of the displacement. 

Thus in the case shown, the lowest natural frequency of the PWA (first mode) 
also is the worst case for PWA displacement. As stated before. The analysis 
requires test data for an actual PWA. However, the first mode response can also be 
estimated by analytical techniques. The PWA(relative), or 6 m ~  for short, is then 
compared to the maximum allowable 6 m ~  for PWAs discussed in detail in the following 
sections of this report. One important aspect of relative motion is that for 
discrete components (such as axial lead types), the component has no differential 
motion with the PWA at frequencies lower than the discrete component resonance 
frequency. At resonance of the discrete component, the component moves out of phase 
with the PWA and this is where the component wires are stressed. At frequencies 
above the component natural frequency, the component hardly moves at all, thus 
nearly no stress. The bending of the PWA, however, can cause lead wire stress. 
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10 
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w 

- 4  

10 

X - 
CALCULATED DISPLACEMENT OF 
EXAMPLE CCA AT CENTER 
(FIRST MODE FREQUENCY = 120 HZ) 

-3 2 CENTER = 7.9(10) IN 
(AT fn = 120 HZ) 

- 
-4  SEDGE = 5.2(10) IN AT EDGE NAVMAT 

PROFILE, 1 GRMS n I  
20 

FIGURE 14. DISPLACEMENT OF PWA AT CENTER AND EDGE 
(BASED ON EXAMPLE) 

From Figure 14, 

&EL = 7.9 x - 5 . 2  x = 7.38 x in. 

Another method to estimate relative displacement is to apply the Crandall 
theory,  E q n .  (2a) : 

also since, 

9.8 G 
2 
fn 

and Q = with K = 1 x = -  

then 
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As an example, from figures 11 and 13; 

6 = 12.3 (-) O 4  = 6.19 x in. 120512 

Thus both methods are reasonably close; however, the first method is the more 
accurate since the second method is for broadband input, and the NAVMAT curve is not 
a full broadband across the spectrum. The later method, however, is used in design 
since the actual curves are usually not available until long after the design stage. 

DETERMINATION OF MAXIMUM ALLOWABLE PWA "G" LEVEL FROM TEST DATA 

An alternative method to determine whether or not the maximum allowable 
displacement will be exceeded is to calculate the response G profile, as was done in 
Figure 15, and to superimpose a line on the curve which represents the maximum 
permissible G level vs. frequency given a value for maximum relative PWA deflection 
( 6 )  at the center. 

G - 0 .1  6 f 2  
(ASSUMES6 = 0.0!5' FOR EXAMPLE) c 

- ABSOLUTE CCA CENTER ALLOWABLE 'G' L INE 
(RELATIVE CCA DISP + INPUT) 

RELATIVE CCA CENTER ALLOWABLE 'G' L INE 
BASED ON A GIVEN 6 INPUT 

NAVMAT PROFILE 6 GRMS 
vs  FREO 

G (CALCULATED FROM PSD 

20 100 1000 2000 

FREQUENCY. Hz 

FIGURE 15. RELATIVE AND ABSOLUTE PWA CENTER ALLOWABLE 
DISPLACEMENT LINE (BASED ON EXAMPLE PWA) 

W 
In 0 

0 I 

N P 

- 

" 
I 
N 

0: W 

m 

From Figure 15, the absolute and relative PWA center allowable displacement 
line is determined. The relative displacement is a plot of the equation 
G = 0.1 6 f2. The absolute is the addition of this equation plus the input. The 
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NAVMAT p r o f i l e  ( s i x  G ~ s  i n p u t )  was used i n  t h i s  example. Note t h e  c o n t r i b u t i o n  of 

t h e  inpu t  t o  t h e  a b s o l u t e  PWA curve .  The a b s o l u t e  G l i n e  is  needed t o  compare t o  
t h e  a b s o l u t e  G response l i n e  i n  o r d e r  t o  compare app le s  t o  app le s .  

The a b s o l u t e  PWA c e n t e r  a l lowable  displacement  i s  p l o t t e d  on t h e  G v s .  
f requency response curve  i n  F igure  1 6 .  

I r' s 
/ 

100.0 

10.0 

G 

1.0 

0.1 

20 100 1000 a000 

FIGURE 1 6 .  MAXIMUM ALLOWABLE PWA "G" INPUT LEVEL 

As described above, t h e  a b s o l u t e  a l lowable  G l i n e  is  ob ta ined  by adding t h e  
inpu t  t o  t h e  r e l a t i v e  a l lowable  G l i n e  i . e . ,  

G ABS. (PWA) = INPUT G + G REL. (PWA) each frequency.  

Note from Figure  1 6 ,  t h e  PWA a l lowable  G l i n e  (AGL) i s  e s t a b l i s h e d  based on a 
selected maximum a l lowable  d e f l e c t i o n  (6) of t h e  PWA a t  i t s  c e n t e r .  T h e  manually 

c a l c u l a t e d  ( o r  ana lyze r  computed d i s p l a y )  G v s .  f requency response curve is  
superimprosed on t h e  AGL curve and t h e  s a f e t y  margin obta ined .  Note t h a t  there a r e  

two c r i t i c a l  a r e a s .  The p o i n t s  A & B i n d i c a t e  t h e  s a f e t y  margin f o r  t h e  f i r s t  mode 
resonance, which may be t h e  most c r i t i c a l  f o r  caus ing  d e l e t e r i o u s  e f f e c t s  t o  t h e  

component l e a d s .  P o i n t s  C & D i n d i c a t e  t h e  s a f e t y  margin a t  t h e  lowest  imposed 
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frequency. Points A ti B may be the most critical and thus both areas should be 
considered for determining the maximum G response. The higher frequencies do not 
appear to impose a threat to the PWB or its components since the safety margin is 
very high. The saftey margin should be approximately a factor of 3 to allow for the 
3 0  statistical variation which could triple the the stress 3% of the time. 
however, that the AGL shown above was for establishing the maximum deflection or 
bending of the PWA and does not address lateral or transverse vibration. 

Recall, 

The AGL is an approximate method of establishing a limit for the PWA response, 
but it is not as accurate as the comparison of the PWA actual deflection to the 
maximum permitted deflection. The response is based on at least 64 to 128 data 
averages on a spectrum analyzer (which takes only a few seconds). In addition, the 
bandwidth of the first mode peak contributes to the accuracy. However, as an 
approximation, tests show it is a reasonably good guideline for most applications. 

DETERMINATION OF MAXIMUM ALLOWABLE PSD LEVEL FROM TEST DATA 

A maximum allowable PSD level may be obtained by a method similar to the AGL 
method discussed previously. The premise is as before, namely that a deflection (6) 
of the PWA in bending is established from one of the criteria in the following 
sections. From equation (12), 

G = 0.1 6 f2 (15) 

This operation establishes the limit of G for a given 6 at a given frequency. 
By squaring the equation and dividing by the filtered bandwidth of Equation (16), we 
may obtain an allowable PSD limit line (APL) similar to the AGL line. 

G~/BW = (0.1 6 f2) 

Equation (16) is the relative APL. The absolute APL is obtained in a similar 
fashion to the absolute AGL, namely by adding the input PSD curve to the relative 
APL, i.e, 

T L  = 0.01 62 f4/BW + Oo 
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FIGURE 17. MAXIMUM ALLOWABLE PSD INPUT LEVEL 

Figure 17 shows the PWA response at two different NAVMAT levels and the 
allowable PSD limit line. The safety margins are shown similar to the ones in 
figure 16. 

Once again, this method is only approximate and is not preferred to the direct 
The accuracy of this method depends on the same displacement comparison method. 

factors mentioned previously. 
quick way to check for problems. 

The advantage of this method is that it offers a 

PWB BENDING PARAMETERS 
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HICPO ELECTRONIC DEVICE 

LEGEND 

b = WIDTH O F  RECTANGLE 

R = RADIUS O F  CURVATURE 

L = LENGTH OF MICRO 

PWB 

O F  PWB 

ELECTRONIC DEVICE 
NEAR CENTER OF THE 
END LEAD 

LEAD ON THE DEVICE 
d = ELONGATION OF THE END 

= PWB DEFLECTION NEAR 
L 
I 

0 

' 4  

I ca 

' m  

THE CENTER 

I 

NOTE: "d" Is NOT NORMALLY MEASURED I N  RVSS TESTING 3 .- 

- 
FIGURE 1 8 .  PWB DEFLECTION PARAMETERS 

From F i g u r e  1 8 ,  

L 2  o r  R = -  
8 R  8 d  
L 2  d = -  

6 = R  ( l - c o s e )  = -  R e2 and 6 =  8 b 2 d =  ( : ) 2 d  
8 L2 2 

o r  rear ranging  

L 2  d = 6  ( g )  

I C  LEADS I N  BENDING 

( 1 8 )  

(19) 

( 2 0 )  

T h e  in tegra ted  c i r c u i t  ( I C )  undergoes stress as r e s u l t  of PWB bend ing  (see 
F i g u r e  19). 
i n  t h e  I C  leads and t h e  m a x i m u m  allowable PWA de f l ec t ion .  

T h e  f o l l o w i n g  ana lys i s  provides a simple method t o  de te rmine  t h e  stress 
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I k IC LEADS 

GENERAL IC 
CONFIGURATION 

LEGEND 

h = LEAD THICKNESS. I N .  
d = BENDING DEFLECTION OF LEAD, I N .  
P i '  EQUIVALENT LOAD ON IC LEAD, 
Ei '  MODULUS OF ELASTICITY OF I C  LEAD. 

LBS. 
P S I .  

Ii' MOMENT OF INERTIA OF IC LEAD, IN+ 

1 r l  > 
-'5- I " DETAIL A 

BENOING OF 
IC LEADS. 

.J 

w 0 

0 

W 
L' 

Y 

I 
,s V k - c w - 

FIGURE 1 9 .  GENERAL D I P / I C  ATTACHMENT TO PWA 

I t  i s  desired t o  determine t h e  stress on t h e  end leads of t h e  D I P  f o r  a given 
PWA displacement.  

F r o m  t h e  f r a m e  s t r u c t u r e :  

T h e  D I P  end leads a re  
deflected a distance "d" 

(See  F igu re  23)  

FRAME ANALOGY 
FROM THE THEOREM OF CASTIGLIANO 
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For most DIPS,  12 = 4 11 

P r o p e r t i e s  

Ul t imate  S t r eng th  
Y i e l d  S t r eng th  

E, Modulus of E l a s t i c i t y  
Se ,  Endurance L i m i t  

(Fa t igue  S t r eng th ,  
Es t imate  Only) 

The stress on t h e  end l e a d  i s :  

~~ 

Kovar 

77,500 p s i  
40  - 59,500 p s i  

2 0 , 0 0 0  p s i  
38,750 p s i  

6 
( J = -  and M = 9/5 P 11 and d = 

I (b/L)  

9 3 0 E h  6 - .239 E W 6 - 
2 ( b / L ) 2  ( b / L )  

6 =  
2 113 5 l1 

o r ,  s o l v i n g  f o r  t h e  PWA d e f l e c t i o n  i n  t e r m s  of t h e  D I P  l e a d  stress, 

The D I P  l e a d s  may be Kovar o r  a l l o y  4 2 .  See Table 1 f o r  p r o p e r t i e s .  The 
stress l e v e l  i s  selected on t h e  b a s i s  of f a t i g u e  normally.  T h e  "11" va lue  is  .030" 

f o r  many D I P  d e s i g n s .  The "h" va lue  i s  approx. .010". 

TABLE 1. MATERIAL DATA FOR KOVAR AND ALLOY 42 

I Alloy 42  

7 0 , 0 0 0  p s i  
35 - 50,000 p s i  

2 1 , 0 0 0  p s i  
35,000 p s i  

A c o r r e c t i v e  curve  (F igure  20) i s  shown below f o r  mod i f i ca t ion  of equat ion  
( 2 1 )  t o  a l low f o r  t h e  s t i f f e n i n g  e f f e c t  of t h e  component on t h e  PWA. The c o r r e c t i o n  
f a c t o r  i s  based on some t e s t i n g  of o rd ina ry  PWA's and comparison t o  ANSYS a n a l y s i s .  
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10 
LI u 

d 
0 
E u < 
z 

E 
V 
E 
d 
d 
0 u 

- 

h 5  

2 

1 

- 

- 

SIMPLY SUPPORTED FIXED EDGES - f, = 60-70 HZ f, = 130-160 HZ 

\ 
\ 

1 1 I 1 I I 
0.1 0.2 0.3 0 . 4  0.5 

L/B 

PWB IN BENDING 

PWA w i t h l e  SuDDort Edoe Restr- 
by a beam whose length is equal to the width of the short side. 
ratio of a/b, the more accurate the assumption. 
with the appropriate boundary conditions may be used. The simplicity of this method 
lends itself to simple use standard beam equations. The method is illustrated below 
and is sometimes referred to as the 10% slice method. In this method, the MC/I 
formulas apply. 

A retangular flat plate may be approximated 
The higher the 

The formulas for an ordinary beam 

The equation for the deflection of a simple supported beam is found in almost 
all strength of materials text books and structural analysis manuals. The beam 
length is "b" and the width is assumed to be 10% of the "a" dimension. 

As a quick estimate approach, the PWB may be analyzed as a beam with the 
length of the beam equal to the PWA side "b", and the width equal to 10% of length 
rla.ll Thus, the configuration shown below is assumed. 

SIMPLY SUPPORTED BEAM 
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The equa t ion  f o r  t h e  d e f l e c t i o n  of a beam uniformly loaded  a c r o s s  t h e  span and 

Mat e r i a  1 E, p s i  

G-10 2 . 0 0  x 1 0 6  

Polyimide 2.75 x l o 6  

Aluminum Oxide 4 5 . 0  x lo6 

simply suppor ted  i s :  

Fa t igue  S t r eng th ,  n = l o 7  c y c l e s  

2 0 , 0 0 0  

18,000 

12,500 

W 
b4 where w = - 384 E I b 6 =  

The moment a t  t h e  c e n t e r  i s :  

5 W b3 
384 b E I 384 E I 

5 w b 4  --- - is= 

and 

5 M b2 
48 E I 

6 =  

6 =  
b =  
w =  

w =  
M =  

E =  

I =  

The bending stress a t  t h e  c e n t e r  of t h e  PWb is:  

M C  4 8 E I 6  t 4 . 8 E 6 t  
Q = - =  - =  

I 5 b 2  b2 

LEGEND 

Deflec t ion ,  i n  

Shor t  side span of PWA, i n  
D i s t r i b u t e d  load ,  l b / i n  
T o t a l  load,  l b  

Moment, i n - l b  
Modulus of E l a s t i c i t y ,  l b / i n 2  
Moment of I n e r t i a ,  i n 4  

. . -  

thermal  mounting p l a t e s ;  however f o r  a f l a t  p l a t e :  
11 I11 and "C" may have t o  be c a l c u l a t e d  f o r  PWAs wi th  c o o l i n g  d u c t s  and/or  

b2 
t 
- (25) 
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PWA with F V  - PWAs a r e  not  always r e s t r a i n e d  a s  a s imple 

suppor t .  A more t y i c a l  r e s t r a i n t  i s  a f i x e d  end type  which i s  shown i n  F igure  2 1 .  

c I 
S INK PLATES PLATES ATTACHED 

(C TO BE DETERMINED ATTACHED 
IN EACH CASE) 

-J u 

FIGURE 2 1 .  F I X E D  EDGE PWB 

I n  t h i s  ca se ,  t h e  equa t ion  f o r  d e f l e c t i o n  of a f i x e d  edge beam is: 

W b3 
384 E I 

6 =  and M = -  W ( 6 b x  - 6x2 - b 2 )  
1 2  b 

MA = .OB3 W b  MB = . 0 4  Wb 

Therefore ,  

MA b2 
= -031 - 

E 1  
b3 6 = -  MA 0 

.083b 384 E 1  

The stress a t  “A” i s :  

. -=  t’2 1 6 . 1  E 6 - t MC 6 E 1  
( J = - =  

I .031 b2 I b2 

o r  

. 0 62 (Jmx 
SMAx=(  E ) ($) 

ANOTHER APPROACH TO PWB BENDING 

A “Simple Support” approach can be analyzed a s  fo l lows:  
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BASIC BEAM IN BENDING 

For a structure in bending, the moment and radius of curvature is related by: 

I O  
where M = - - = -  8 8  

b2 EI t/2 

8 6  2 0 1  2 0  
b2 tEI tE 

This compares to Equation (25) 

LEADLESS CHIP CARRIERS (LCCs) AND PWB IN BENDING 

Leadless chip carriers (LCC's) such as that shown in Figure 22 present a 
somewhat different problem for determination of the maximum bending and deflection 
of the PWA in vibration. LCC's may be used on ceramic PWB's which has a material 
stiffness 16-20 times higher than ordinary G-10 fiber glass epoxy. In the LCC, 
there are no leads to be stressed. However, the solder tabs at the interconnection 
act like small springs with different applied forces on them depending on the 
compliance and curvature of the PWB. The end solder tabs on the LCC are the highest 
stressed much the same as the DIPS. The soldering quality and workmanship may be 
particularly important in this type of interconnection since a weak solder joint, 
cold solder joints, solder voids, etc., directly affect the failure mode. The 
development of the maximum bending and deflection criteria leads to: 

For example, 
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where os = Stress level in the solder joint, psi 
1, = Effective length of the solder joint, in 
Es = Modulus of Elasticity of Solder, psi 

Sn/Pb/In U.S. s.s 
psi psi 

63/37/ - -  7700 5400 

50 / - - /50  1720 1630 

- - /50 /50  4670 2680 

50 /50 / - -  6200 6200 

A 
Table 3 

F.S. E 
(estimate ) (estimate ) 

psi psi x ( 1 0 ) 6  

3100 4.6 

690 3.4 

2500 18 .0  

1870 2 .0  

typical length (1,) at the solder joint may range from 
f o r  solder strength and other parameters.) 

1 1  i L 
LCC SOLDER PAD 

/ , SOLDER 

m 
- 

FIGURE 22. LCC SOLDER INTERCONNECTION 

.001" to .003". (See 

Sn = % tin 
Pb = % lead 
In = % indium 

LEGEND U.S. = Ultimate Strength, psi 
S.S. = Shear Strength, psi 
F.S. = Fatigue Strength, psi 
E = Modulus of Elasticity, psi 
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From F igure  23, a LCC loaded PWA wi th  power on o r  i n  a h igh  tempera ture  
environment ( o r  bo th )  may affect  t h e  o v e r a l l  f a t i g u e  s t r e n g t h  of t h e  s o l d e r  due t o  
l o c a l  ho t  s p o t s .  Thus temperature ,  q u a l i t y  and s o l d e r i n g  workmanship a l l  d i r e c t l y  
a f f e c t  t h e  s t r e n g t h  of t h e  LCC/PWA. A combined thermal  and v i b r a t i o n  stress sc reen  
would cause  50% reduc t ion  i n  f a t i g u e  s t r e n g t h  du r ing  a 55OC h o t  c y c l e  (us ing  63/37 
s o l d e r ) .  Thus, t h e  RVSS would have t o  be reduced i n  a combined environment.  

< In 
0 
2 

!? 

TEMPERATURE. OF 
36 1 

FIGURE 23. FATIGUE STRENGTH VS TEMPERATURE FOR 
ESTIMATED VALUES 

h) 

m 

n 

63/37/0 SOLDER 

.J - - 

DETERMINATION OF PWA NATURAL FREQUENCY BY PLATE METHOD 

The g e n e r a l  equa t ion  below i s  used t o  s o l v e  t h e  g e n e r a l  d e f l e c t i o n  of a PWA 

wi th  g iven  boundary c o n d i t i o n s .  
determine t h e  n a t u r a l  f requency of t h e  PWA. 

T h e  g e n e r a l  d e f l e c t i o n  formula may then  be used t o  

6 

The r e s u l t  i s  of t h e  form, 

6 = 6o s i n  (y) s i n  ( xy ) 

o t e :  6 i s  i n  
he 
e r p e n d i c u l a r  
i r e c t i o n  t o  
he PWA 
u r f  ace .  

The s o l u t i o n  f o r  n a t u r a l  f requency i s  de r ived  f o r  any geometry and va r ious  
boundary c o n d i t i o n .  The s o l u t i o n s  were p l o t t e d  f o r  a g iven  weight d e n s i t y  
(w/ab = .017 l b / i n 2 ) ,  Modulus of E l a s t i c i t y  (E = 2 x 1 0 6  p s i ) ,  Poisson 's  r a t i o  

(p = .12),  and PWB t h i c k n e s s  (t  = .062**) .  The va lues  of n a t u r a l  f requency may t h u s  
be ob ta ined  d i r e c t l y  from t h e  p l o t s .  I f  va lues  o t h e r  t han  t h e  above a r e  used, 
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c o r r e c t i o n  f a c t o r s  may be used and a r e  shown a t  t h e  end of t h i s  s e c t i o n .  The b a s i c  
s t i f f n e s s  f a c t o r  used i n  all cases t o  determine t h e  n a t u r a l  f requency i s  a s  follows. 

From Meirovi tch l ,  t h e  s t i f f n e s s  f a c t o r  of a p l a t e  i n  g e n e r a l  i s  g iven  by "D", 

E t3 
D =  

12 (1 - p q  
(29) 

LEGEND E = Modulus of E l a s t i c i t y ,  p s i  
t = PWA th i ckness ,  i n  
p = Poisson ' s  r a t i o ,  dimensionless  
p = W/abg = yL/g mass dens i ty ,  l b  s ec2 / in3  

W = Tota l  weight of t h e  PWA, l b  
y = Densi ty ,  l b / i n 3  

a = Long l e n g t h  of t h e  PWA, i n  
b = Shor t  l e n g t h  of t h e  PWA, i n  
g = Acce le ra t ion  of g r a v i t y ,  386.4 i n / s e c 2  

T w o  s i m p l e  c a s e s  a r e  c a l c u l a t e d  f o r  example purposes .  

For a PWA w i t h  a l l  edges simply supported,  t h e  n a t u r a l  f requency i s  given by: 

f o r  epoxy-glass G-10 p = .12 and E = 2 x l o 6  p s i  

5 3 lb i n 3  W 
D = 1 . 6 9  x 10 t E4 P = a b g  & g = 386 i n / s e c 2  

in2  

f n  = 1.27 x lo4 t3 a b (2 + $) 
Example a x b = 5" x 5.5", t = . 062"  PWA and where W = 1 . 0  lb: 

f n  = 1.27 x IO4 ( . 062)3 (5 )  ( 5 . 5 )  (& + A) 5.52 = 71 H z  

I L .  Meirovi tch,  "Elements of V ib ra t ion , "  McGraw H i l l ,  N . Y . ,  1975 

* D . S .  S te inberg ,  "Vibra t ion  Analysis  f o r  E l e c t r o n i c  Equipment", J .  Wiley & Sons, 
1973 
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Case 21  

Example p l o t s  of n a t u r a l  f r equenc ie s  f o r  g iven  r e c t a n g u l a r  p l a t e  geometr ies  
a r e  provide  f o r  v a r i o u s  boundary cond i t ions  (see Figures  2 4 , 2 5 ) .  The weight 
dens i ty ,  modulus of e l a s t i c i t y ,  PWB th i ckness ,  and Poisson ' s  r a t i o  a r e  assumed f o r  
s i m p l i c i c a t i o n  purposes  and t h e  assumed va lues  a r e  a s  s t a t e d  a t  t h e  beginning of 
t h i s  s e c t i o n .  Other  p l o t s  f o r  o t h e r  boundary cond i t ions  a v a i l a b l e  on r eques t  t o  t h e  
au tho r  

To determine n a t u r a l  frequency, f i n d  t h e  c l o s e s t  boundary c o n d i t i o n  c a s e  and 
o b t a i n  t h e  n a t u r a l  f requency , fn .  

I O N  FACTORS, 

1. HANCE. Calcu la t e  F = W/ab. 
I f  W/ab # .017 l b / i n 2 ,  t hen  m u l t i p l y  t h e  n a t u r a l  f requency f n  by 

2 .  

d.O17/F 
e .g . ,  i f  F = .025 l b / i n 2  and f n  = 100 Hz 

f n  ( c o r r e c t e d )  = 4% 1 0 0  = 82.5 Hz 

: Determine E .  
I f  E # 2.00 x l o 6  l b / i n 2 ,  t hen  m u l t i p l y  n a t u r a l  f requency f n  by 

e .g . ,  i f  E = 2.75 x l o 6  and f n  = 1 0 0  Hz 
b 

2.75 lo6 100 = 117 Hz 
2.00 x 1 0 6  

f n  ( c o r r e c t e d )  = 

3.  Any p < .03 does not  s i g n i f i c a n t l y  change t h e  r e s u l t  

and does no t  r e q u i r e  a c o r r e c t i o n  f a c t o r .  

4 .  PWR T H I C K W S  CHANGE. Determine t .  
I f  t # .062", t hen  m u l t i p l y  n a t u r a l  f requency f n  by 

( t / . 0 6 2 I 3 I 2  
e .g . ,  i f  t = . l o "  and f n  = 1 0 0  Hz 

f n  ( c o r r e c t e d )  = (z) 3/2 1 0 0  = 200 Hz 10 

I b i d  
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FIGURE 2 4 .  FIGURE 25. 

AXIAL LEAD COMPONENTS AND PWB I N  BENDING 

i An ax ia l  l e a d  component, such a s  t h a t  shown i n  F i g u r e  26, is s u b j e c t e d  t o  
stress i n  t h e  leads when a PWA deforms a s  shown. Equation (31) shows t h a t  t h e  

stress i n c r e a s e s  d i r e c t l y  as t h e  d / l  r a t i o  i n c r e a s e s  and i s  a l s o  p r o p o r t i o n a l  t o  t h e  
span of a t tachment  L. 

parameters  are more l i k e l y  t o  be damaged i n  v i b r a t i o n .  Equat ions (32) and (34) 
provide  a guide  f o r  t h e  maximum d e f l e c t i o n  ( 6 )  of t h e  PWA. T h e  va lues  f o r  l e a d  

a l lowable  stress and Modulus of E l a s t i c i t y  (E)  a r e  ob ta ined  from Table 4. It can be 
seen t h a t  steel and n i c k e l  w i r e s  a r e  very  s i m i l a r  s t r u c t u r a l l y .  T h e  weight of t h e  
component i s  no t  a major c o n s i d e r a t i o n  i n  t h i s  case, bu t  it is important  i n  l a te ra l  
and t r a n s v e r s e  v i b r a t i o n .  Bonding agen t s  w i l l  ho ld  t h e  component down and decrease  
some of t h e  stress i n  t h e  lead w i r e s  due t o  v e r t i c a l  motion. 
stress i n  t h e  w i r e s  due t o  PWA bending however. 

Thus, t h e  components with t h e  h ighes t  va lues  f o r  t h e s e  two 

There w i l l  always be 
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TABLE 4 .  LEAD MATERIAL DATA 

Lead E 

M a t e r i a l  lo6 p s i  

S t e e l  30 
Nickel  31 
Copper (HI 17 
Copper (S) 17 

U.S. S.S. F.S. 

p s i  p s i  p s i  

60,000 30,000 33,000 
52,000 26,000 28,000 
48,000 24,000 17,000 
33,000 16,500 11,000 

LEGEND: E = Modulus of E l a s t i c i t y  
U.S. = Ult imate  S t rength ,  p s i  
S .S .  = Shear S t rength ,  p s i  
F.S. = Fa t igue  S t rength ,  p s i  

LcGmD 

L - CCA DISTANCE TO PLATED 
THROUGH HOLES, IN 

C - BODY LENGTH, IN 
d - W I R E  DIAMETER, IN 

8 - SLOPE OF CCA, W i m S  

$,- DEFLECTION OF CCA, IN 

\ - STAND OFF DISTANCE, Th’ .. 

e 

FIGURE 26. DISCRETE AXIAL LEAD COMPONENT I N  BENDING 

A typical a x i a l  l e a d  component is  

mounted on a PWA with  s i m p l e  suppor ted  edges. The stresses and maximum permitted 
PWA d e f l e c t i o n  i s  analyzed.  

From Figure  34: 

y = 6o s in -  I t X  (General  S ine  Shape f o r  PWA i n  Bending 
b 

R X  b - L  and x = - 8 = * = 6,E cos- 
dx b b 2 

It 
b 

R (b - L)  - 6 0 x  
2 b  b 2 b  8 = 60- cos  
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s i n c e  f o r  0<< 1, s i n 0  = 0 6 0 A  7 t l  6ox 7 t l  e = -  s in -  = - - 
b 2 b  b 2b’ 

6 0 x 2  L e = -  r a d i a n s  
2 b 2  

( 3 0 )  

Dete .d .n&ion  of Stress on Leads. The l e a d s  of t h e  component shown i n  F igure  3 4  a r e  
stressed when a PWA i s  d e f l e c t e d .  The l e a d s  a r e  p u l l e d  down a d i s t a n c e  “d” and 
t w i s t e d  through an ang le  8 a s  shown below: 

Y 

(A) LEAD PULL DOWN (B) LEAD TWIST 

The stress i n  t h e  l e a d s  i s  t h e r e f o r e  composed of two p a r t s  (bending and 
t w i s t i n g  - t h e  t w i s t i n g  a c t u a l l y  amounts t o  another  form of bend ing) .  The stress 
a n a l y s i s  i s  t h e r e f o r e  performed i n  two p a r t s ,  (A)  and (B). 

From a d e r i v a t i o n  s i m i l a r  t o  equat ion  (211, 

where h = d and d = diameter  of l e a d .  

And 

Where F = 1 . 0 4 8  ( 1 2 / 1 1 )  and 0 . 1  < ( 1 2 / 1 1 )  < 4 . 0  

Eu2L.B 

Given t h e  f i g u r e  shown, 
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and 

O =  angle of twist of PWA 
M = moment induced in lead 

6,n2 L E  I n2 E d  
(11 + 12) 8 (11 + 12) 

( 3 2 )  

NOTE: More information on this subject including axial lead components and methods 
to determine maximum RVSS input levels may be obtained by contacting the author. 
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